Abstract: Liquid air energy storage (LAES) is a promising energy storage technology in consuming renewable energy and electricity grid management. In the baseline LAES (B-LAES), the compression heat is only utilized in heating the inlet air of turbines, and a large amount of compression heat is surplus, leading to a low round-trip efficiency (RTE). In this paper, an integrated energy system based on LAES and the Kalina cycle (KC), called KC-LAES, is proposed and analyzed. In the proposed system, the surplus compression heat is utilized to drive a KC system to generate additional electricity in the discharging process. An energetic model is developed to evaluate the performance of the KC and the KC-LAES. In the analysis of the KC subsystem, the calculation results show that the evaporating temperature has less influence on the performance of the KC-LAES system than the B-LAES system, and the optimal working fluid concentration and operating pressure are 85% and 12 MPa, respectively. For the KC-LAES, the calculation results indicate that the introduction of the KC notably improves the compression heat utilization ratio of the LAES, thereby improving the RTE. With a liquefaction pressure value of eight MPa and an expansion pressure value of four MPa, the RTE of the KC-LAES is 57.18%, while that of the B-LAES is 52.16%.
Introduction
Large-scale energy storage is an effective solution for improving and expanding renewable energy systems. It can also be used for the storage of electrical energy and for grid load shifting. Currently, pumped hydro energy storage (PHES) and compressed air energy storage (CAES) are the major large-scale energy storage technologies. PHES is well-developed and efficient, but it is restricted by geological characteristics. Small-scale CAES systems usually use a high-pressure container as the air storage tank [1] , which increases the investment cost and limits the install capacity. In large-scale CAES systems, salt caverns and underground mines can be used for storing the high-pressure air [2] , but here again, the locations of the plants are restricted by geological characteristics.
Apart from PHES and CAES, another promising solution for large-scale energy storage is liquid air energy storage (LAES), which has the notable advantages of high energy-storage density and no geological constraints. The concept of storing energy in liquid air was first proposed by Smith in 1977 [3] , and Highview Power Storage Ltd. designed and established the world's first LAES pilot plant (350 kW/2.5 MWh) [4] . Since then, many researchers have studied the performance of standalone Figure 1 shows the schematic of the proposed KC-LAES. In order to clearly describe and analyze the system, all the streams have been numbered. The bottom part of Figure 1 is a typical B-LAES with cryogenic liquid cold energy storage, and Figure 2 shows its T-s diagram. In the charging process, the air is compressed to a high-pressure state (A7), and then cooled to a liquid state (A9). The high and low temperature compression heat generated in the compression process is stored in thermal oil and water, respectively. The cold energy utilized in cooling the compressed air is harvested in the discharging process. Then, a vapor-liquid mixture (A10) is obtained through an expansion process in the throttle valve (TV). After separation, the liquid air (A11) is stored in the liquid air tank (LAT), and the gaseous air (A12) flows black to cool the compressed air. In the discharging process, the liquid air is first pumped to a high-pressure state (A16), and then flows through a two-stage heat exchanger to be gasified. During the gasification process, the cold energy of the liquid air is stored in methane or propane, depending on the temperature, and then utilized in the liquefaction process in the next cycle. Before flowing into the turbines, the air is heated by the high-temperature compression heat stored in the thermal oil. A regenerator is introduced to reduce the temperature of the exhausted gas. Figure 1 shows the schematic of the proposed KC-LAES. In order to clearly describe and analyze the system, all the streams have been numbered. The bottom part of Figure 1 is a typical B-LAES with cryogenic liquid cold energy storage, and Figure 2 shows its T-s diagram. In the charging process, the air is compressed to a high-pressure state (A7), and then cooled to a liquid state (A9). The high and low temperature compression heat generated in the compression process is stored in thermal oil and water, respectively. The cold energy utilized in cooling the compressed air is harvested in the discharging process. Then, a vapor-liquid mixture (A10) is obtained through an expansion process in the throttle valve (TV). After separation, the liquid air (A11) is stored in the liquid air tank (LAT), and the gaseous air (A12) flows black to cool the compressed air. In the discharging process, the liquid air is first pumped to a high-pressure state (A16), and then flows through a two-stage heat exchanger to be gasified. During the gasification process, the cold energy of the liquid air is stored in methane or propane, depending on the temperature, and then utilized in the liquefaction process in the next cycle. Before flowing into the turbines, the air is heated by the high-temperature compression heat stored in the thermal oil. A regenerator is introduced to reduce the temperature of the exhausted gas. The upper part of Figure 1 shows a schematic of the KC. In order to simplify the system, a simple regenerative KC is assumed in this paper. Figure 3 shows the T-s diagram of the KC system. During the discharging process, the KC turbine (KT) and the air turbines work simultaneously to generate electricity. Ammonia-water with a certain concentration has been chosen as the working fluid. In the KC system, the low-temperature basic concentration ammonia-water (BCAW) is first pumped to a high-pressure state (K6). Then, before flowing into the KC evaporator (KEVA), the BCAW is gradually heated by the exhausted gas in the KC regenerator (KR) and the low-concentration ammonia-water (LCAW) in the KC preheater (KPH). The low-temperature compression heat stored in water can also be used to preheat the BCAW in the KPH if the heat of the LCAW is insufficient. In the KEVA, the BCAW is heated by the high-temperature compression heat stored in thermal oil, and a liquid-vapor mixture is obtained (K9). In the KC separator (KSEP), the mixture is separated into a high-concentration ammonia-water (HCAW) stream (K10) and an LCAW stream (K11). The HCAW is then heated to a superheated state (K1) by the thermal oil and expanded in the KT to generate electricity. The expanded gas (K2) flows through the KR to heat the BCAW and mixes with the throttled LCAW in the mixer (MIX). Finally, the liquid-vapor mixture (K4) is cooled to a liquid state (K5) by the cooling water in the KC condenser (KCON). Before flowing back to the low-temperature storage tank, the thermal oil and water are cooled, and a hot water supply can be obtained. In this paper, only the power generation is considered in analyzing the performance of the proposed system; the heating supply is neglected. The upper part of Figure 1 shows a schematic of the KC. In order to simplify the system, a simple regenerative KC is assumed in this paper. Figure 3 shows the T-s diagram of the KC system. During the discharging process, the KC turbine (KT) and the air turbines work simultaneously to generate electricity. Ammonia-water with a certain concentration has been chosen as the working fluid. In the KC system, the low-temperature basic concentration ammonia-water (BCAW) is first pumped to a high-pressure state (K6). Then, before flowing into the KC evaporator (KEVA), the BCAW is gradually heated by the exhausted gas in the KC regenerator (KR) and the low-concentration ammonia-water (LCAW) in the KC preheater (KPH). The low-temperature compression heat stored in water can also be used to preheat the BCAW in the KPH if the heat of the LCAW is insufficient. In the KEVA, the BCAW is heated by the high-temperature compression heat stored in thermal oil, and a liquid-vapor mixture is obtained (K9). In the KC separator (KSEP), the mixture is separated into a high-concentration ammonia-water (HCAW) stream (K10) and an LCAW stream (K11). The HCAW is then heated to a superheated state (K1) by the thermal oil and expanded in the KT to generate electricity. The expanded gas (K2) flows through the KR to heat the BCAW and mixes with the throttled LCAW in the mixer (MIX). Finally, the liquid-vapor mixture (K4) is cooled to a liquid state (K5) by the cooling water in the KC condenser (KCON). Before flowing back to the low-temperature storage tank, the thermal oil and water are cooled, and a hot water supply can be obtained. In this paper, only the power generation is considered in analyzing the performance of the proposed system; the heating supply is neglected. 
System Description

Thermodynamic Analysis Model
Basic Assumptions
The Aspen HYSYS ® software was used to analyze the performance of the proposed system. The classical Peng-Robinson equation of state was selected as the property package, and the properties of the working fluids were selected from the HYSYS source database. Following are the main assumptions made in this study:
1. The systems work in the steady state, and the durations of the charging and discharging 
Thermodynamic Analysis Model
Basic Assumptions
1.
The systems work in the steady state, and the durations of the charging and discharging processes are the same, i.e., four hours.
2.
The ambient air is composed of 78% nitrogen, 20.93% oxygen, 0.03% carbon dioxide, 0.09% water, and 0.94% argon.
3.
The temperature difference at the pinch point is two K in the heat exchangers that have phase changes and five K in the other heat exchangers.
4.
The heat exchangers are countercurrent flow types with a reasonable pressure drop and no heat leakage.
5.
The temperature decrease of the high-temperature compression heat storage tank in a cycle is two K.
Energy Analysis Model
The RTE is an important indicator for evaluating the performance of an LAES system. In this study, the RTE is defined as the power generation in the discharging process divided by the power consumption in the charging process. With the basic assumptions of the study, the durations of the charging and discharging processes are the same. Therefore, the influence of time can be neglected in the definition of the RTE. The RTE for B-LAES can be expressed as:
where W AC1 and W AC2 represent the power consumption of the first-stage and second-stage compressors, respectively; W LAP represents the power consumption of the liquid air pump (LAP) (the power consumed by the other pumps is neglected because of their low values); and W AT1 and W AT2 represent the power generation of the first-stage and second-stage turbines, respectively. The RTE of the KC-LAES can be expressed as:
where W KT represents the power generation of the KT, W KP represents the power consumption of the KC pump (KP), and the other parameters are the same as those given for Equation (1) . The compression heat utilization ratio γ CH is defined as the compression heat utilized in the discharging process divided by the compression heat stored in the charging process. Therefore, the γ CH for B-LAES and the KC-LAES can be expressed as:
where m and h represent the mass flow rate and specific enthalpy, respectively, and the subscripts represent the states as shown in Figure 1 . For the KC system, the efficiency and exergy efficiency can be expressed respectively as:
where Q CH and E CH represent the energy and exergy of the utilized compression heat, respectively; W net represents the net power generation; and ex represents the specific exergy. The improvement in the RTE can be expressed as:
Results and Discussion
In this section, the performance of the proposed KC-LAES is presented and discussed. Table 1 lists the basic design parameters of the system. In the proposed system, the air compression and expansion are both two-stage processes, and the adiabatic efficiencies of the air compressors and turbines have been selected as 85%. The pressure and temperature of the inlet air of the first-stage compressor are 0.101 MPa and 298.15 K, respectively. The mass flow rate of the air is fixed at 33.33 kg/s, and the storage pressure of the liquid air has been chosen as 0.2 MPa. In the KC subsystem, the KT is a single-stage turbine, and its adiabatic efficiency has likewise been selected as 85%. In the proposed system, the adiabatic efficiencies of all the pumps have been selected as 75%. In the discussions presented in this section, the pressure of the outlet air of the second-stage compressor (A5) is defined as the liquefaction pressure, and the pressure of the outlet air of the liquid air pump (LAP) is defined as the expansion pressure (A16). In the KC subsystem, the temperature and pressure of the outlet of the KEVA (K9) are defined as the evaporating temperature and operating pressure, respectively. 
Analysis of the KC Subsystem
In the proposed system, the compression heat that can be utilized in the KC varies according to the operating parameters of the LAES. Table 2 lists the compression heat parameters utilized in the KC system under typical operating parameters (liquefaction pressure of eight MPa and expansion pressure of four MPa). With this operating condition, the total mass flow rate of thermal oil and hot water in the discharging process is 36.46 kg/s and 16.12 kg/s, respectively. A large amount of thermal oil is utilized in heating the inlet air of air turbines, and the mass flow rate is 26.88 kg/s. The surplus part can be utilized in driving the KC, and the mass flow rate is 9.58 kg/s. The hot water is not utilized in the discharging process of LAES, and the mass flow rate that can be utilized in KC is 16.12 kg/s. Besides, the inlet temperatures of thermal oil and hot water are 584.65 K and 380.15 K, respectively. As the temperature of the thermal oil is fixed, the superheated temperature of the HCAW is also constant. The influence of the basic ammonia-water concentration (x BCAW ), evaporating temperature (T EVA ), and operating pressure (P KC ) on the performance of the KC is analyzed in this section. The power generation and efficiencies for each calculation case are also presented. Figure 4 shows the influence of x BCAW on the performance of the KC subsystem. In the KC, the mass flow rate of BCAW (m BCAW ) is the maximum flow rate, and it primarily affects the power consumption of the KP. The mass flow rate of HCAW (m HCAW )-determined by m BCAW and the vapor friction of K9 (γ vap )-and the P KC value are the main factors that influence the power generation of the KT. As shown in Figure 4a , m BCAW decreases with increasing x BCAW , but γ vap increases linearly. Therefore, m HCAW increases with increasing x BCAW . Since m BCAW decreases and m HCAW increases with increasing x BCAW , the power generation of the KT (W KT ) increases, and the power consumption of the KP (W KP ) decreases. Therefore, the net power generation of the KC (W net,KC ) increases with the increasing x BCAW , as shown in Figure 4b . Meanwhile, the compression heat utilized in the KC (Q CH ) also increases with increasing x BCAW ( Figure 4c ). As shown in Figure 4d , the efficiency (η KC ) and exergy efficiency (η ex,KC ) increase with increasing x BCAW , but the increment gradually decreases. The results with higher x BCAW are not presented, because the calculations diverge when x BCAW exceeds 85%. Figure 5 shows the influence of T EVA on the performance of the KC subsystem. Generally, T EVA has a slight influence on the performance of the KC. As shown in Figure 5a , m BCAW decreases linearly and γ vap increases linearly with increasing T EVA values. Therefore, m HCAW remains nearly constant. Correspondingly, W KT and W net,KC present little variation with increasing T EVA values ( Figure 5b ). As Q CH decreases with increasing T EVA values (Figure 5c ), the η KC and η ex,KC values increase slightly with increasing T EVA values, as shown in Figure 5d . Figure 6 shows the influence of P KC on the performance of the KC subsystem. With increasing P KC values, m BCAW increases, and γ vap decreases rapidly. The m HCAW value remains nearly constant with the initial increase in P KC , but presents a decrease when P KC exceeds 12 MPa, as shown in Figure 6a . Therefore, W KT first increases and then decreases with the increase in P KC , as shown in Figure 6b . The value of W KP increases with increasing P KC values, and W net,KC presents a trend similar to that of W KT . As shown in Figure 6c , Q CH also increases at first, and then decreases with the increase in P KC . Therefore, an optimal P KC value of 11-12 MPa is seen to achieve the highest η KC and η ex,KC values, as shown in Figure 6d . Figure 6 shows the influence of PKC on the performance of the KC subsystem. With increasing PKC values, mBCAW increases, and γvap decreases rapidly. The mHCAW value remains nearly constant with the initial increase in PKC, but presents a decrease when PKC exceeds 12 MPa, as shown in Figure 6a . Therefore, WKT first increases and then decreases with the increase in PKC, as shown in Figure 6b . The value of WKP increases with increasing PKC values, and Wnet,KC presents a trend similar to that of WKT. As shown in Figure 6c , QCH also increases at first, and then decreases with the increase in PKC. Therefore, an optimal PKC value of 11-12 MPa is seen to achieve the highest ηKC and ηex,KC values, as shown in Figure 6d . with the initial increase in PKC, but presents a decrease when PKC exceeds 12 MPa, as shown in Figure 6a . Therefore, WKT first increases and then decreases with the increase in PKC, as shown in Figure 6b . The value of WKP increases with increasing PKC values, and Wnet,KC presents a trend similar to that of WKT. As shown in Figure 6c , QCH also increases at first, and then decreases with the increase in PKC. Therefore, an optimal PKC value of 11-12 MPa is seen to achieve the highest ηKC and ηex,KC values, as shown in Figure 6d . 
Analysis of the KC-LAES
The influence of the key parameters on the performance of the proposed KC-LAES is discussed in this section. In the calculations for this section, the operating parameters of the KC system are fixed (x BCAW of 85%, T EVA of 460 K, and P KC of 12 MPa). Figure 7 shows the influence of liquefaction pressure on the power generation and consumption of the proposed system. Compared with the power consumption of air compressors, the power consumption of pumps is low. Therefore, the power consumption of the pumps is not shown in the figure. With the increasing liquefaction pressure, the liquefaction ratio (γ LIQ ) increases, but beyond a pressure of eight MPa, the ratio increases only a little. The increasing γ LIQ means an increase in the mass flow rate of the air expanded in the air turbines. As the expansion pressure is fixed, the power generation of the air turbines (W AT ) presents a trend similar to that of γ LIQ . Moreover, the increasing γ LIQ means that more compression heat utilized in heating the inlet air of the air turbines, and less is utilized in the KC subsystem. Thus, W KT decreases with the increasing liquefaction pressure, and remains nearly constant beyond eight MPa. The value of W KT is much smaller than that of W AT . Therefore, the trend shown by W Total is similar to that of W KT . Figure 8 shows the influence of the liquefaction pressure on the RTEs of B-LAES and the KC-LAES. As shown in Figure 7 , the power consumption of the air compressors (W AC ) increases linearly with increasing liquefaction pressure. However, the increment of W Total decreases as the liquefaction pressure increase. Therefore, the RTEs of B-LAES and the KC-LAES first increase with increasing liquefaction pressure and then present a slight decrease when the liquefaction pressure exceeds eight MPa. The RTE of the KC-LAES is improved by 4.8-7.54% over that of B-LAES in the liquefaction pressure range of six to 10 MPa, owing to the additional electricity from the KC subsystem. Since W KT decreases with increasing liquefaction pressure, η RTE,imp also decreases with increasing liquefaction pressure.
expanded in the air turbines. As the expansion pressure is fixed, the power generation of the air turbines (WAT) presents a trend similar to that of γLIQ. Moreover, the increasing γLIQ means that more compression heat utilized in heating the inlet air of the air turbines, and less is utilized in the KC subsystem. Thus, WKT decreases with the increasing liquefaction pressure, and remains nearly constant beyond eight MPa. The value of WKT is much smaller than that of WAT. Therefore, the trend shown by WTotal is similar to that of WKT. Figure 7 , the power consumption of the air compressors (WAC) increases linearly with increasing liquefaction pressure. However, the increment of WTotal decreases as the liquefaction pressure increase. Therefore, the RTEs of B-LAES and the KC-LAES first increase with increasing liquefaction pressure and then present a slight decrease when the liquefaction pressure exceeds eight MPa. The RTE of the KC-LAES is improved by 4.8-7.54% over that of B-LAES in the liquefaction pressure range of six to 10 MPa, owing to the additional electricity from the KC subsystem. Since WKT decreases with increasing liquefaction pressure, ηRTE,imp also decreases with increasing liquefaction pressure. The influence of the expansion pressure on the power generation and consumption of the proposed system is shown in Figure 9 . Since the liquefaction pressure is fixed, WAC remains essentially constant. With increasing expansion pressure, γLIQ decreases rapidly, and the mass flow rate of the air expanded in the air turbines also decreases. Therefore, WAT and WTotal first increase and then decrease with the increasing expansion pressure. As γLIQ decreases, the compression heat utilized in the LAES decreases, and the part utilized in the KC subsystem correspondingly increases, leading to an increase in WKT, as shown in the figure. The influence of the expansion pressure on the power generation and consumption of the proposed system is shown in Figure 9 . Since the liquefaction pressure is fixed, W AC remains essentially constant. With increasing expansion pressure, γ LIQ decreases rapidly, and the mass flow rate of the air expanded in the air turbines also decreases. Therefore, W AT and W Total first increase and then decrease with the increasing expansion pressure. As γ LIQ decreases, the compression heat utilized in the LAES decreases, and the part utilized in the KC subsystem correspondingly increases, leading to an increase in W KT , as shown in the figure. proposed system is shown in Figure 9 . Figure 10 shows the influence of the expansion pressure on the RTEs of B-LAES and the KC-LAES. As WAC is essentially constant, the RTEs present trends similar to that of WTotal, and an optimal expansion pressure value of four MPa is obtained. The value of ηRTE,imp increases markedly 
Performance of the KC-LAES with Typical Operating Conditions
The performance of the KC-LAES with typical operating conditions is presented in this section. Tables 3 and 4 show the thermodynamic parameters of air, thermal oil, and water streams. As listed in Table 3 , the liquefaction pressure (A5) is eight MPa, and the expansion pressure (A16) is four MPa. The mass flow rate of the inlet air of the compressor is fixed at 33.33 kg/s. After separation, the mass flow rates of the liquid and gaseous air are 27.67 kg/s and 5.66 kg/s, respectively. The temperature of the outlet air of AT1 and AT2 are 614.44 K and 618.4 K, respectively. Considering a reasonable temperature difference between hot and cold fluids in the heat exchangers, the storage temperatures of the thermal oil and water are 586.65 K and 380.15 K, respectively. In the basic assumptions, the temperature decrease of the high-temperature compression heat storage tank in a cycle is two K. Therefore, the temperatures of the outlet fluid from the high-temperature thermal oil 
The performance of the KC-LAES with typical operating conditions is presented in this section. Tables 3 and 4 show the thermodynamic parameters of air, thermal oil, and water streams. As listed in Table 3 , the liquefaction pressure (A5) is eight MPa, and the expansion pressure (A16) is four MPa. The mass flow rate of the inlet air of the compressor is fixed at 33.33 kg/s. After separation, the mass flow rates of the liquid and gaseous air are 27.67 kg/s and 5.66 kg/s, respectively. The temperature of the outlet air of AT1 and AT2 are 614.44 K and 618.4 K, respectively. Considering a reasonable temperature difference between hot and cold fluids in the heat exchangers, the storage temperatures of the thermal oil and water are 586.65 K and 380.15 K, respectively. In the basic assumptions, the temperature decrease of the high-temperature compression heat storage tank in a cycle is two K. Therefore, the temperatures of the outlet fluid from the high-temperature thermal oil tank (HOT) and the high-temperature water tank (HWT) are 584.65 K and 378.15 K, respectively. With the operating conditions given in this section, the mass flow rates of the thermal oil utilized in the air turbines and the KC subsystem are 26.88 kg/s and 9.58 kg/s, respectively. In the discharging process, the temperature of the inlet air to the air turbines has been chosen as 579.65 K. The temperatures of the expanded and exhausted air are 391.93 K and 324.68 K, respectively. In the KC of the presented case, the heat of the LCAW is sufficient to preheat the cold working fluid, and the compression heat stored in water is not necessary. Therefore, the thermodynamic parameter values for WA9 and WA10 are the same. Table 5 lists the thermodynamic parameters of the ammonia-water streams in the KC subsystem. In addition to temperature, pressure, and mass flow rate, the concentration (x) and vapor fraction (γ vap ) of each stream are also presented. In the present case, the x BCAW value has been chosen as 85%, and the calculated results for x HCAW and x LCAW are 90.94% and 61.26%, respectively. The T EVA and P KC values have been selected as 460 K and 12 MPa, respectively. Considering the minimum temperature difference of the KC superheater (KSH), the temperature of the inlet fluid to the KT has been chosen as 582.65 K. The m BCAW and m HCAW values are 3.25 kg/s and 2.60 kg/s, respectively.
In the KCON, the liquid-vapor mixture is condensed by the cooling water, and the condensation pressure and temperature are 0.89 MPa and 300 K, respectively. Table 6 shows a comparison of the calculation results for B-LAES and the KC-LAES with typical operating parameters. According to the calculation results, the performance of the system is significantly improved by the introduction of the KC. The utilization ratio of the compression heat is increased from 54.74% to 74.27%, and the RTE is correspondingly improved. With the same operating parameters, the RTEs of the B-LAES and the KC-LAES are 52.16% and 57.18%, respectively. Owing to the increase in the power generation, an energy storage density of 98.01 kWh/m 3 is obtained in the KC-LAES, which is much higher than that of the B-LAES. 
Conclusions
In this paper, a novel integrated system based on liquid air energy storage (LAES) and Kalina cycle (KC), called KC-LAES, has been proposed and analyzed. In baseline LAES (B-LAES), the compression heat is surplus because of the low liquefaction ratio. Therefore, a KC system is introduced into the LAES to utilize the surplus compression heat to generate additional electricity. An energetic model was developed to assess the performance of the proposed system. In the analysis of the KC, the influence of the working fluid concentration, evaporating temperature, and operating pressure was discussed. The power generation of the KC turbine, efficiency, and exergy efficiency for each calculation case was presented. According to the calculation results, the evaporating temperature has less influence on the performance of the KC, and the optimal working fluid concentration and operating pressure are 85% and 12 MPa, respectively. In the analysis of the KC-LAES, the influence of liquefaction and of expansion pressure was presented. The calculation results indicate that the introduction of the KC can
